In this paper, a solar-powered dehumidification window (SPDW), combining a conventional double-glazed building window with a solid desiccant packed bed and a photovoltaic panel, has been proposed to dehumidify the air supplied to a residential building in an energy-saving way. The solid desiccant packed bed was installed between the double layers of the residential window to achieve the compact building-integrated window-dehumidifying system that could be regenerated by solar energy, and the photovoltaic panel was used to compensate the electricity for the operation of the fans to supply the air to the building. To investigate the dehumidification and regeneration performance of the SPDW, the transient moisture removal, dehumidification efficiency, temperature difference between the building inlet and outlet air, heat transfer characteristics, desiccant temperature, regeneration rate, and the power of the fans and the photovoltaic panel were analysed for different inlet air conditions and simulated solar radiation. It was found that, for the system operated under an inlet air temperature of 19.2 • C and a relative humidity of 86.1% during the dehumidification process, the system performed with a maximum transient moisture removal of 7.1 g/kg, a maximum dehumidification efficiency of 58.60%, a maximum temperature difference between the inlet and outlet air of 10.7 • C, and a maximum released adsorption heat absorbed by the dehumidified air of 89.66%. In the regeneration process, the system performed with a maximum desiccant temperature of 35.3 • C, a maximum regeneration rate of 153 g/h, and a maximum power of the photovoltaic panels of 39.83 W under the simulated solar radiation of 900 W/m 2 . The results from the established semi-empirical model agreed well with the testing results, and the model could be used to predict the water content ratio of the desiccant modules during the dehumidification process under different conditions, which will be helpful in the analysis and application of the SPDW in the future.
Introduction
Nowadays, energy crisis is one of the main problems faced by the whole world, and the building sector is one of the largest energy end-use sectors that consume more than 40% of the global energy [1, 2] . In particular, over half of the energy consumed by a building is contributed by the conventional vapour compression cooling system for indoor air conditioning due to its air process of excess cooling and reheating [3] . A suitable alternative to this energy-intensive system is called the solid desiccant cooling system [4] , which integrates a solid desiccant device with an evaporative cooling system to realize air humidity and temperature independent control for resolving the problems of excess cooling and reheating. According to the configured methods, the solid desiccant devices of the solid desiccant cooling system can be divided into the fluidized bed, the rotary desiccant wheel, and the solid desiccant packed bed. The fluidized bed has a lower pressure drop than the packed bed, but it evaporating from the solid desiccant modules due to the regeneration from the solar radiation, and be discharged to the surroundings through the fans on both sides of the window. It can be predicted that the interference of the moist air exhaust with the outdoor air inlet will be small because the temperature of the exhaust air will be higher than that of the ambient air, and the exhaust air will move upward. Moreover, the airflow flux of the window will be small to allow the ambient airflow to carry away the exhaust air. Also, there will be no fogging on the upper level fenestration near the moist air exhaust because the temperature of fenestration will be raised due to the adsorption of solar radiation. During these processes, the electric energy consumed by the fans can be compensated by the photovoltaic panel. The proposed window will operate under two modes, i.e., dehumidification and regeneration processes, as shown in Figure 1a ,b. In the dehumidification process, the fans inside the window will operate, while the fans on both sides of the window will be shut down. The outdoor air will enter into the window from the air inlet, be dehumidified when it passes through the solid desiccant modules, and be pumped into the building through the fans inside the window. In the regeneration process, the fans on both sides of the window will operate, while the fans inside the window will be shut down. Hence, the outdoor air will enter into the window from the air inlet, take away the vapour evaporating from the solid desiccant modules due to the regeneration from the solar radiation, and be discharged to the surroundings through the fans on both sides of the window. It can be predicted that the interference of the moist air exhaust with the outdoor air inlet will be small because the temperature of the exhaust air will be higher than that of the ambient air, and the exhaust air will move upward. Moreover, the airflow flux of the window will be small to allow the ambient airflow to carry away the exhaust air. Also, there will be no fogging on the upper level fenestration near the moist air exhaust because the temperature of fenestration will be raised due to the adsorption of solar radiation. During these processes, the electric energy consumed by the fans can be compensated by the photovoltaic panel.
The novelty of the SPDW could be summarised as follows: (1) The SPDW can be potentially The novelty of the SPDW could be summarised as follows: (1) The SPDW can be potentially used to replace the existing residential building window, which can not only save the construction materials but also reduce the space that the solid desiccant packed bed and PV panel need. This could be helpful to realise the building integration of the proposed system component. (2) Solar radiation can be used to regenerate the solid desiccant and drive the fans to a certain extent, which can significantly increase the energy efficiency of the window and eventually reduce the energy consumption of the air conditioning.
Construction of the Testing Rig
In order to investigate the dehumidification and regeneration performance of the SPDW, the SPDW was designed with a total flat-plate glass area of 1 m 2 . The testing rig of the proposed SPDW and Table 1 .
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In order to investigate the dehumidification and regeneration performance of the SPDW, the SPDW was designed with a total flat-plate glass area of 1 m 2 . The testing rig of the proposed SPDW and the images of the testing rig are shown in Figures 2-5 . The parameters of the experimental material, apparatuses, and instruments are presented in Table 1 . 
In order to investigate the dehumidification and regeneration performance of the SPDW, the SPDW was designed with a total flat-plate glass area of 1 m 2 . The testing rig of the proposed SPDW and the images of the testing rig are shown in Figures 2-5 . The parameters of the experimental material, apparatuses, and instruments are presented in Table 1 . The testing rig of the SPDW was composed of the mixing chamber, solid desiccant modules, ordinary window glass, fans, testing space, PV panel, and xenon lamps. The outdoor air was pretreated in the mixing chamber, where the temperature and humidity of the inlet air were controlled using the electric heater and the ultrasonic humidifier. The six desiccant modules, each filled with 3 kg silica gel and having the same size of 550 mm in length, 190 mm in width, and 50 mm in thickness, were used to dehumidify the air. The distance between each two desiccant modules was at 290 mm. The desiccant modules were fit into the 3 mm space between the two layers of the ordinary window glass. The inside layer of the window glass was fixed, while the outside layer was movable for conveniently replacing the saturated desiccant modules. Two fans were installed above the solid desiccant modules to drive the outdoor air into the testing space. The testing space of 1250 mm × 1200 mm × 2000 mm was made of colour-coated steel insulation panels of 50 mm thickness, representing the an indoor room of the building, where the temperature and relative humidity of the air were measured every hour for analysis. The PV panel, which was 1150 mm in length and 500 mm in width, was made of polycrystalline silicon cells and installed on the sunblind. For the evenness of the simulated solar energy, four xenon lamps were used to simulate sunlight of different radiations during the regeneration mode by regulating the input voltage of the lamps. Also, two xenon lamps were used to simulate the sunlight for the PV panel, and the simulated radiations were recorded by the pyranometer.
Methods
In order to investigate the dehumidification and regeneration performance of the SPDW, the transient moisture removal, dehumidification efficiency, heat transfer characteristics, and regeneration rate were defined for the system operated under different inlet air conditions and simulated solar radiations.
The transient moisture removal of the solid desiccant modules ∆d τ is defined in Equation (1) [18] .
The dehumidification efficiency of the solid desiccant modules η was determined as the ratio of the transient moisture removal to the humidity ratio of the inlet airflow, as in Equation (2) [19] .
The heat transfer characteristics referred to the distribution of the released adsorption heat Q l during the dehumidification process. The Q l could be considered as the condensation heat of the water vapour in the SPDW and divided into three parts: (1) the heat absorbed by the dehumidified air Q a ; (2) the heat absorbed by the solid desiccant modules Q s ; and (3) the heat losses from the window to the surrounding Q d . The relationships between the four parameters during the heat transfer processes of the SPDW is shown in Equations (3) to (6) [20, 21] .
The regeneration rate of the solid desiccant modules R c was determined as the product of the mass flow rate and the humidity ratio difference between the inlet and outlet air of the SPDW, as in Equation (7) [22] . 
Analysis and Discussion of the Testing Results
Experiments on the dehumidification and regeneration processes of the SPDW will be conducted, and the testing results will be analysed and discussed respectively for the investigation of the dehumidification and regeneration performance of the SPDW. It should be mentioned that the basis for choosing the air conditions was the typical hot and humid weather (from March to May) in southern China (Guangzhou), wherein the air temperature and relative humidity ranged from 18 to 26 • C and from 70% to 85%, respectively.
Analysis and Discussion of the Testing Results of Dehumidification Process
In order to investigate the dehumidification performance of the SPDW, five inlet air conditions will be investigated during the tests, as shown in Table 2 . Four evaluation indicators, i.e., the transient moisture removal, dehumidification efficiency, temperature difference between the inlet and outlet air of the window and heat transfer characteristics, will be analysed for the system operated under different inlet air conditions. Figure 6 indicates the time variation of the transient moisture removal of the solid desiccant modules during the dehumidification process at different inlet air temperatures and relative humidities. It was found that the solid desiccant modules had the maximum transient moisture removal at 7.1 g/kg, when the inlet air temperature was at 19.2 • C and the relative humidity was at 86.1%. It was also found that the transient moisture removal reached its maximum at the beginning of the dehumidification process due to the least accumulation of water content and adsorption heat in the modules. Moreover, it decreased sharply in the first three hours and then slowly due to the increase of the water content in the modules, indicating that the window could maintain a relatively high humidity adsorption capacity for more than three hours. Figure 7 shows the variation of dehumidification efficiency with time under different inlet air conditions. From Figure 7 , it can be found that the dehumidification efficiency of the solid desiccant modules decreased during the testing period that the maximum values appeared at the beginning of the testing. It could also be observed that the system performed better under higher inlet air relative For the window operated under the same inlet air temperature, the transient moisture removal increased with the increase of the relative humanity of the inlet air due to the increase of the vapour pressure difference between the air and the solid desiccant. As to the window operated under the same relative humidity as the inlet air, the transient moisture removal decreased with the increase of the inlet air temperature because of the decrease in heat transfer from the solid desiccant to the dehumidified air, resulting in heat accumulation in the solid desiccant and consequently reducing the adsorption capacity of the window. Figure 7 shows the variation of dehumidification efficiency with time under different inlet air conditions. From Figure 7 , it can be found that the dehumidification efficiency of the solid desiccant modules decreased during the testing period that the maximum values appeared at the beginning of the testing. It could also be observed that the system performed better under higher inlet air relative humidity and lower inlet air temperature conditions. The maximum of the solid desiccant modules' dehumidification efficiency could be found at 58.60%, which corresponded to the inlet air temperature of 19.2 • C and a relative humidity of 86.1%. Meanwhile, the average dehumidification efficiency of this test was 33.96%. Figure 7 shows the variation of dehumidification efficiency with time under different inlet air conditions. From Figure 7 , it can be found that the dehumidification efficiency of the solid desiccant modules decreased during the testing period that the maximum values appeared at the beginning of the testing. It could also be observed that the system performed better under higher inlet air relative humidity and lower inlet air temperature conditions. The maximum of the solid desiccant modules' dehumidification efficiency could be found at 58.60%, which corresponded to the inlet air temperature of 19.2 °C and a relative humidity of 86.1%. Meanwhile, the average dehumidification efficiency of this test was 33.96%. Test 1  Test 2  Test 3  Test 4  Test 5 Dehumidification efficiency (%)
Dehumidification Efficiency

Time (h) Figure 7 . Variation of the dehumidification efficiency of the solid desiccant modules with time. Figure 7 . Variation of the dehumidification efficiency of the solid desiccant modules with time.
Temperature Difference between the Inlet and Outlet Air
The air temperature was raised when the air passed through the desiccant in the dehumidification process, and the temperature difference between the inlet and outlet air had significant influence on the sensible cooling load of the air conditioning. Figure 8 presents the time variation of the inlet and outlet air temperature difference, and Tables 3 and 4 indicate the temperature rise of the dehumidified air and the solid desiccant.
The From above figure and tables, it can be seen that the air temperature difference increased significantly in the first three hours, reaching the maximum values of 10.7°C, 10.1°C, 8.8°C, 7.7°C, and 6.4°C for the five tests, and then decreased gradually. A delay of one or two hours could be found between the maximum temperature difference of the air and the temperature rise of the silica gel because the adsorption heat was firstly absorbed by the solid desiccant and then to the dehumidified air. The air temperature difference was also found to increased with the increase of the relative humidity of the inlet air and the decrease of the inlet air temperature. From above figure and tables, it can be seen that the air temperature difference increased significantly in the first three hours, reaching the maximum values of 10.7 • C, 10.1 • C, 8.8 • C, 7.7 • C, and 6.4 • C for the five tests, and then decreased gradually. A delay of one or two hours could be found between the maximum temperature difference of the air and the temperature rise of the silica gel because the adsorption heat was firstly absorbed by the solid desiccant and then to the dehumidified air. The air temperature difference was also found to increased with the increase of the relative humidity of the inlet air and the decrease of the inlet air temperature.
Heat Transfer Characteristics
The results of the heat transfer characteristics during the dehumidification process are listed in Table 5 . It can be seen that most of the adsorption heat (more than 80%) was absorbed by the dehumidified air, while only a small part (less than 20%) was transferred to the solid desiccant or dissipated to the surroundings, consequently resulting in an increase in the dehumidified air temperature and the sensible cooling load of the air conditioning. Hence, it is necessary to take measures, e.g., introducing cooled water by intercooling channels, to reduce the dehumidified air temperature in the dehumidification process for energy-saving purposes. Table 5 .
The calculation of the four heat transfer parameters of the SPDW during the dehumidification process. 
Analysis and Discussion of the Testing Results of Regeneration Process
The regeneration experiment was conducted after the solid desiccant was saturated. In order to investigate the regeneration performance of the SPDW, three conditions of simulated solar radiation, i.e., 300 W/m 2 , 600 W/m 2 , and 900 W/m 2 , will be conducted under an inlet air temperature of 24.5 • C and a relative humidity of 80%. The variation of the desiccant temperature and the regeneration rate with time [23, 24] will be analysed for the system operated under different simulated solar radiations.
Desiccant Temperature
The desiccant temperature was raised due to the adsorption of simulated solar radiation during the regeneration process, and the time variation of the desiccant temperature is shown in Figure 9 . From Figure 9 , it was found that the desiccant temperature increased significantly in the first two hours and then gradually. This was because the temperature difference between the desiccant and the process air was initially small and then became large, resulting in large heat loss from the desiccant to the process air. The maximum desiccant temperatures were found to be 35.3 °C, 31.7 °C, and 29.7 °C corresponding to the simulated solar radiations of 900 W/m 2 , 600 W/m 2 , and 300 W/m 2 , respectively. The desiccant temperature increased with the increase of simulated solar radiation. From Figure 9 , it was found that the desiccant temperature increased significantly in the first two hours and then gradually. This was because the temperature difference between the desiccant and the process air was initially small and then became large, resulting in large heat loss from the desiccant to the process air. The maximum desiccant temperatures were found to be 35.3 • C, 31.7 • C, and 29.7 • C corresponding to the simulated solar radiations of 900 W/m 2 , 600 W/m 2 , and 300 W/m 2 , respectively. The desiccant temperature increased with the increase of simulated solar radiation. Figure 10 shows the time variation of the regeneration rate of the solid desiccant modules during the regeneration process. It can be observed that the regeneration rate first increased sharply due to an increase in the desiccant temperature and then decreased gradually due to the decrease in the moisture content in the desiccant. The maximum values of the regeneration rate reached 153 g/h, 117 g/h, and 106 g/h under simulated solar radiations of 900W/m 2 , 600W/m 2 , and 300W/m 2 , respectively. It was also found that the regeneration rate of the solid desiccant modules increased with the increase of the simulated solar radiation. From Figure 9 , it was found that the desiccant temperature increased significantly in the first two hours and then gradually. This was because the temperature difference between the desiccant and the process air was initially small and then became large, resulting in large heat loss from the desiccant to the process air. The maximum desiccant temperatures were found to be 35.3 °C, 31.7 °C, and 29.7 °C corresponding to the simulated solar radiations of 900 W/m 2 , 600 W/m 2 , and 300 W/m 2 , respectively. The desiccant temperature increased with the increase of simulated solar radiation. Figure 10 shows the time variation of the regeneration rate of the solid desiccant modules during the regeneration process. It can be observed that the regeneration rate first increased sharply due to an increase in the desiccant temperature and then decreased gradually due to the decrease in the moisture content in the desiccant. The maximum values of the regeneration rate reached 153g/h, 117g/h, and 106g/h under simulated solar radiations of 900W/m 2 , 600W/m 2 , and 300W/m 2 , respectively. It was also found that the regeneration rate of the solid desiccant modules increased with the increase of the simulated solar radiation. Time (h) Figure 10 . The variation of the regeneration rate of the solid desiccant modules with time. Figure 10 . The variation of the regeneration rate of the solid desiccant modules with time.
Regeneration Rate
Analysis and Discussion of the Testing Results of the Fans and PV Panel
In order to investigate the operation of the fans and the PV panel, the power was tested under simulated solar radiations of 900 W/m 2 , 600 W/m 2 , and 300 W/m 2 , respectively, and the results are shown in Figure 11 . Figure 11 indicates that the power of the fans and the PV panel was relatively stable with time under different simulated solar radiation. The average powers of the PV panel under simulated solar radiations of 900 W/m 2 , 600 W/m 2 , and 300 W/m 2 were 39.81 W, 26.37 W, and 16.89 W, respectively. This meant that the PV panel could not completely drive the fans (49.82 W) under a simulated solar radiation of 300 to 900 W/m 2 . Therefore, it was necessary to introduce the auxiliary power sources, e.g., battery, or to connect the PV panel to the grid to run the fans. This meant that the PV panel could not completely drive the fans (49.82 W) under a simulated solar radiation of 300 to 900 W/m 2 . Therefore, it was necessary to introduce the auxiliary power sources, e.g., battery, or to connect the PV panel to the grid to run the fans.
In order to investigate the operation of the fans and the PV panel, the power was tested under simulated solar radiations of 900 W/m 2 , 600 W/m 2 , and 300 W/m 2 , respectively, and the results are shown in Figure 11.
Comparison of the Testing Results with the Results from the Semi-Empirical Model
A semi-empirical model for the dehumidification process of the SPDW will be set up based on the mass balance of the desiccant module and used to compare the testing results (as in Figure 12 ). Four assumptions are taken into consideration in the analysis:
(1) The axial gradient of the moisture content within the desiccant module is neglected. 
(1) The axial gradient of the moisture content within the desiccant module is neglected. This meant that the PV panel could not completely drive the fans (49.82 W) under a simulated solar radiation of 300 to 900 W/m 2 . Therefore, it was necessary to introduce the auxiliary power sources, e.g., battery, or to connect the PV panel to the grid to run the fans.
(1) The axial gradient of the moisture content within the desiccant module is neglected. For the dehumidification process, the mass balance between the dehumidified air and the solid desiccant at dτ is given as follows:
When the mass of the exit air equals that of the solid desiccant and the humidity ratio of the exit air equals that of the solid desiccant [10] ,
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The humidity ratio of the solid desiccant d b depends on the water content ratio of the solid desiccant m τ , as well as the thermo-physical properties of the solid adsorbent-adsorbate pair. For silica gel and water vapour as the adsorbent and adsorbate respectively, the linear relation of the humidity ratio of the solid desiccant d b and the water content ratio of the solid desiccant m τ can be expressed as [25] :
Substituting Equations (9) and (10) into Equation (8) gives:
Solving Equation (11) with the initial condition at τ = 0, m τ = m 0 , gives:
Then, Equation (12) can be rewritten as:
where:
Therefore, if the initial water content ratio of the solid desiccant module (m 0 ) and the water content ratio of the saturated solid desiccant module (m e ) were given, the water content ratio of the solid desiccant module in any time m τ can be predicted.
The initial water content ratio of the solid desiccant module m 0 was small due to fully drying the modules in the electronic oven for 12 h at 120 • C. Therefore, m 0 was neglected in this study.
The water content ratio of the saturated solid desiccant module m e was determined by putting the desiccant modules into the hygrothermostat under the five experimental conditions, respectively, until the variation of the water content ratio was less than 1%; the solid desiccant was then saturated, and the results are shown in Table 6 . Then the water content ratio of the solid desiccant module in any time m τ could be predicted from the semi-empirical model as shown in Equation (15) , and the regression constant β could be obtained from the experimental data through nonlinear regression. The results were compared with the testing results in Figure 13 .
From Figure 13 , by comparing the testing results with the results from the semi-empirical model, the semi-empirical model performed fairly well in predicting the water content ratio of the solid desiccant module during the experiments with mean relative errors less than 9.58%, which may be caused by the assumption of the isothermal adsorption of the model. In addition, the semi-empirical model described the relationship between the water content ratio of the solid desiccant module and the effective dehumidification time, providing an effective and convenient way to predict the water content ratio for a certain time in the dehumidification process. From Figure 13 , by comparing the testing results with the results from the semi-empirical model, the semi-empirical model performed fairly well in predicting the water content ratio of the solid desiccant module during the experiments with mean relative errors less than 9.58%, which may be caused by the assumption of the isothermal adsorption of the model. In addition, the semi-empirical model described the relationship between the water content ratio of the solid desiccant module and the effective dehumidification time, providing an effective and convenient way to predict the water content ratio for a certain time in the dehumidification process.
Conclusions
In this paper, the solar-powered dehumidification window (SPDW) incorporating a double-glazed window with a solid desiccant packed bed and a photovoltaic panel was proposed. The solid desiccant bed was fit into the space between the inner and outer layers of the windows to achieve compact building integration and to save energy. In order to investigate the dehumidification and regeneration performance of the SPDW, the testing rig was constructed and tested in the laboratory under different inlet air conditions and simulated solar radiations.
For the window operated under the inlet air temperature of 19.2 °C and a relative humidity of 86.1% within the 10 h dehumidification period, the transient moisture removal reached a maximum of 7.1 g/kg and a maximum dehumidification efficiency of 58.60%. The released adsorption heat absorbed by the dehumidified air reached 89.66%, which resulted in a maximum temperature difference between the inlet and outlet air of 10.7 °C, corresponding to an inlet air temperature of 19.2 °C and a relative humidity of 86.1%, meaning that most of the released adsorption heat was transferred to the sensible heat load of the air conditioning system. The desiccant temperature increased from the beginning to the end, with a maximum of 35.3 °C for a simulated solar radiation of 900 W/m 2 , leading to the regeneration rate of 153 g/h. The average power of the fans was found to be 49.82 W, while the maximum power of the PV panel was 39.83 W for a simulated solar radiation of 900 W/m 2 , meaning that the fans could not be completely driven by the PV panel. An agreement between the results from the testing and the semi-empirical model was achieved with 
For the window operated under the inlet air temperature of 19.2 • C and a relative humidity of 86.1% within the 10 h dehumidification period, the transient moisture removal reached a maximum of 7.1 g/kg and a maximum dehumidification efficiency of 58.60%. The released adsorption heat absorbed by the dehumidified air reached 89.66%, which resulted in a maximum temperature difference between the inlet and outlet air of 10.7 • C, corresponding to an inlet air temperature of 19.2 • C and a relative humidity of 86.1%, meaning that most of the released adsorption heat was transferred to the sensible heat load of the air conditioning system. The desiccant temperature increased from the beginning to the end, with a maximum of 35.3 • C for a simulated solar radiation of 900 W/m 2 , leading to the regeneration rate of 153 g/h. The average power of the fans was found to be 49.82 W, while the maximum power of the PV panel was 39.83 W for a simulated solar radiation of 900 W/m 2 , meaning that the fans could not be completely driven by the PV panel. An agreement between the results from the testing and the semi-empirical model was achieved with mean relative errors less than 9.58%, and the semi-empirical model was developed to predict the water content ratio of the desiccant modules in the dehumidification process.
